We have developped in situ methods of colony hybridization in which there is no need to replicate colonies one by one prior to hybridization. The best method consists in promoting partial lysis of the colonies on the plates by means of a resident thermoinducible prophage. It appears that colonies are heterogeneous with respect to prophage induction, so that survivors remain in each colony. Blotting onto nitrocellulose filters and hybridization with a highly radioactive probe permits the screening of many thousands of colonies per plate for the presence of a DNA sequence carried by a plasmid and complementary to the probe. This procedure greatly facilitates the isolation of recombinant plasmids which carry a specific DNA sequence. We also describe a second, less efficient procedure which does not use prophage induced lysis, and is potentially usable with B2 or EK2 safety systems, without modification of the bacterial hosts.
INTRODUCTION
Recombinant DNA technology is most important for gene isolation. Upon rn vitro recombination of a mixture of DNA fragments with a vector molecule and cloning of the hybrid molecules, strains containing the various DNA pieces can be obtained. Once the proper strain has been identified and isolated, the DNA piece of interest is purified from the others and can be produced in large amounts. Because extensive physical purification of a DNA sequence is usually quite difficult, cloning often appears as the method of choice for gene isolation.
This approach largely depends upon the availability of rapid selection or screening procedures. Since the expression of cloned genes in a foreign environment is still rarely achieved, methods based upon the appearance of active or antigenic gene products in the host cell have strong limitations. More generally, recombinant strains can be screened for the presence of a specific DNA sequence by hybridization to a specific probe, such as purified mRNA, or purified (cloned) complementary DNA.
At present, cloning is mostly carried out in E.coli K12 with plasmid or bacteriophage vectors. There are several described techniques which allowhybridization of a radioactive probe to individual bacterial colonies or phage plaques Nucleic Acids Research (1) (2) (3) (4) (5) . These are not, however, true in situ methods, because colonies or plaques have to be picked and replicated prior to hybridization, which does not permit the screening of more than a few thousand clones per day. In_s_itu_ hybridization to phage plaques has recently been described by Benton and Davis (6) , and independantly developed by us (7) .
We describe here two methods of rn situ colony hybridization, one of which is particularly sensitive and permits the screening of many thousand of colonies per plate.
MATERIALS AND METHODS a) Strains
C600 hsdS" (referred to as C600 in the text) was provided by Dr. L.
Enquist. ED8739 (supE, supF, hsdS", met") and ED8767 (supE, supF, hsdS", met", recA56), were gifts of Dr. K. Murray (11) . These two strains were lysogenized by phage AL512 in our collection, which is AcI857 with a deletion extending from gene cjtll to int (12) , using Xcl as a helper. Thermosensitive strains, which lyse but produce little or no phage at 41°C were then isolated. Strain 1398 in our collection is ED8739 lysogenized by AL512, and strain 1400 is ED8767 lysogenized by AL512. Plasmid pBR322 was provided by Dr. H. Boyer (13) .
Plasmid pCRIov2-l is described in ref. CaC12 treated lysogenic bacteria were transformed by plasmid DNA as usual, except that, after exposure to DNA, the cells were incubated for 5 m at 32°C (rather than at 37, 42 or 45°C). Under these conditions, lysogenic bacteria were transformed as efficiently as their non-lysogenic parent.
However, there are hints that plasmid production by chloramphenicol treated cells is higher in non-lysogens at 37°C than in lysogens at 32°C (Chambon, P. et al : personal communication) .
c) Plating
BacLeria were spread on 1. plates (1,5 per cent Difco Agar) at the appropriate temperature. The use of rather dry plates (incubated for 2 days at 37°C before use) was found to be important for blotting of the colonies onto nitrocellulose filters.
d) Probe
The Hhaov "^I'-DMA probe, prepared as described elsewhere (9, 7) was a 2383.
Procedure_B
Non lysogenic bacteria were spread on L plates. Plates were incubated at 37°C overnight. Nitrocellulose filters were carefully applied onto the plates for 20 minutes and laid onto L plates containing ampicillin (20 yg/ml) (with colonies facing the lid of the plate). The latter were incubated at 37°C for 6 hours, while the master plates were reincubated at 37°C for 3 hours and then stored in the cold. The filters were then processed exactly as above.
RESULTS
In situ hybridization to phage plaques is based on the fact that there exists free phage DNA within a plaque (3, 6, 7 ) , and that enough of this DNA can be transferred by blotting onto a nitrocellulose filter to promote detec- Colonies of bacteria harbouring plasmid pCRIov2-l were compared to colonies of bacteria devoid' of plasmid with respect to their ability to hybridize a plasmid specific probe. Plasmid pCRIov2-l is a recombinant plasmid which confers resistance to kanamycin and carries 1730 base pairs of an in vitro synthesized DNA copy of chicken ovalbumin mRNA (8) . When digested with Hhal restriction endonuclease, pCRIov2-l DNA yields a 2400 base pairs fragment which carries all the inserted ovalbumin sequence and short adjacent regions of pCRI. This Hhaov fragment,nick-translated into a 32 P labelled product of high specific activity (1-2 x 10 8 cpm/ug) was the probe used throughout this study (7 -9 ) .
Nitrocellulose filters were applied onto plates carrying isolated colonies of C600 and of C600(pCRIov2-l). When plates were dry, colonies stuck to the filters, which carried a visible and faithful print of colonies on the plates. Filters were then exposed to alkali, rinsed and hybridized with the Hhaov probe essentially as described for in situ hybridization to plaques (6, 7, see Materials and Methods). Upon autoradiography, there was a weak response of the pCRIov2-l colonies (not shown, see plate ID for a comparable experiment), which was not increased by the use of other hosts (such as recAõ r recB~C~ mutants) and was not always reproducible.
It seemed likely that the major technical problem was that colonies
were not lysed. We devised two types of procedure to overcome this problem.
In procedure A, lysis was induced on the plate, before blotting onto nitrocellulose filters. In procedure B, the nitrocellulose filters served, as described above, to obtain a faithful print of unlysed colonies, and colonies were lysed on the filters.
Procedure A
To induce lysis of colonies on the plate, we decided to take advantage of a resident thermoinducible prophage. C600 and C600(pCRIov2-l) were lysogenized by A£l857 (10), and colonies were grown on plates at 32°C. The plates were then transferred at 4I°C (a temperature at which the cI857 repressor is Plates with colonies of C600(AcI857) and C600(Ac_I857) (pCRIov2-l) were After incubation at 4I°C, some survivors loose their prophage. If the hybridization procedure must be repeated, these cured cells might give rise to false negative results. Therefore, we constructed monolysogens of strains ED8739 and ED8767 (II) with phage AL512 (12) which, because of a deletion of genes £lll to int, is unable to excise. Indeed, heat induced colonies of these two strains (1398 and 1400) were shown to yield non-cured survivors.
To demonstrate that the method can permit the isolation of plasmid carrying strains from a mixture, we plated about 100 cells of strain 1398
(pCRIov2-l) with increasing amounts of 1398, ranging from 0 to 10 s cells on one plate (it was verified that neither strains has a selective advantage).
Upon overnight incubation, 3 hours induction at 41°C, blotting and hybridization, one observes a gradual decrease of the signal generated by the plasmid containing colonies as the result of the addition of more and more 1398 Figure 1 : In situ hybridization of induced and non induced lysogenic colonies: A. Plate carrying some 150 colonies of C600 hsdS~(X£l857)(pCRIov2-l) incubated for 18 h at 32°C and 3 h at 4I°C. B. Jjn situ hybridization of the plate was carried out exactly as described in Materials and Methods (450 000 cpm/filter ; autoradiography for 14 h with amplifying screens). C. Autoradiography of the same filter, for 48 h without screen. The periphery of colonies is more labeled than the center. D. In situ colony hybridization carried out with colonies of the same bacterial strain, but the plate was not incubated at 41°C. The filter was hybridized in the same vial as the one shown in B and C. Autoradiography was for 48 h without screen.
( Fig. 2 ) . With up to 25 000 colonies per plate, the expected number of easily detectable spots is observed (Fig. 2B) Fig. 1 . Autoradiography for 48 hours with amplifying screens. The background is always low and tends to decrease as more colonies are spread on the plate. B. About 100 colonies of 1398(pCRIov2-1) with 25 000 colonies of 1398. Hybridization as above. Autoradiography for 16 hours with amplifying screens. C. About 100 colonies of !398(pCRIov2-1) with 10 6 colonies of 1398. To verify that 1398(pCRIov2-l) is not outgrown by 1398, bacteria were collected from the plate and it was found that the ratio of km r to km s bacteria after growth was about the same as in the input. Hybridization was for 14 hours at 68°C with twice the usual amount of probe (300 OOOcpm/ml of a 32 P Hhaov with a specific activity close to 2 x I0 8 cpm/pg). Autoradiography was for 60 hours with amplifying screens. D. Identification of a recombinant plasmid carrying the chicken EcoRI fragment "a" which codes for part of the ovalbumin mRNA. EcoRI treated DNA of pBR322 and of \ phage carrying fragment "a" were recombined in vitro in a 1 : 1 mass ratio. After transformation of 1398, cells were spread on L plates with 25 pg ampicillin per ml. In the plate shown, there were about 1500 colonies. Hybridization and autoradiography as in B.
number is lower than expected, and not all spots give rise to kanamycin resistant bacteria upon reisolation.
To show that the described procedure is practicable,we have used it to monitor the transfer, into a plasmid vector, of a cloned chicken DNA fragment carrying part of the ovalbumini gene.We have recently isolated recombinant phages carrying EcoRI fragments of chicken DNA, 9200 base pairs and 2400 base pairs long, each containing parts of the ovalbumin mRNA coding sequence (7, and in preparation). DNA from recombinant phage was digested with EcoRI, mixed and ligated with EcoRI-digested pBR322 DNA (13) , and used to transform strain 1398. Among the ampicillin resistant colonies, about 1 per cent were shown by the in situ hybridization procedure to contain ovalbumin DNA (plate 2D).
Procedure B
A few hundred cells of strain 1398 (pCRIov2-l) were plated at 32°C and replicated onto a nitrocellulose filter which was laid onto a second plate.
The latter was incubated at A1°C for 3 (or 18) hours, so that lysis could take place on the filter. The filters were then processed as above. The results (not shown) indicate significant hybridization signals albeit at least 5 to 10 fold weaker than those obtained by procedure A.
Once colonies have been replicated onto a nitrocellulose filter, they can be lysed by a variety of means, which do not require that surviving bacteria remain on the filter. Can lysis be promoted by other agents than a
prophage ? A few hundred cells of C600 and C600(pCRIov2-l) were plated overnight at 37°C. The colonies were replicated onto nitrocellulose filters, which were then laid onto plates containing ampicillin, and further incubated at 37°C (see Materials and Methods). Further growth in the presence of ampicillin should promote some lysis on the filters. This expectation was met, and hybridization signals were obtained from C600(pCRIov2-l) colonies (and not from C600 colonies). As above, these signals (not shown) were at least 10 fold weaker than those obtained in procedure A.
DISCUSSION
We describe here two general methods of jji situ colony hybridization.
One consists in inducing partial lysis of grown-up colonies on the plates before blotting onto nitrocellulose filters. It is important that lysis be only partial, so that survivors remain on the master plate, which needs not be replicated. Partial lysis was promoted by induction of a resident prophage, and strong hybridization signals were obtained. We observed that bacteria in the centre of colonies are refractory to prophage induction and survive, most probably because they are metabolically inactive. This interpretation leads to the prediction that any lytic process which operates only on actively growing cells could replace prophage induced lysis (for instance, penicillin could be sprayed on the colonies ; bacteria requiring diaminopimelic acid could be plated on plates containing limiting amount of this metabolite, etc...)-The same principle should apply not only to the release of DNA for hybridization purpose, but also for the release of other intracellular compounds in other in situ assays (e.g. release of an antigen in an in situ immunoassay) (3, 14) .
Indeed, the same method should also apply to the screening of a population of cells lysogenized with a mixture of thenrclnducible recombinant phages.
The second method consists in replicating the colonies onto a nitrocellulose filter before lysing them on the filter, for instance by continuing growth in the presence of ampicillin. Here, since there is no need that bacteria on the filter stay alive, lysis could presumably be promoted by a variety of agents, including proteases (2).
When prophage promoted lysis was induced on the filter rather than on the plate, before blotting, less intense hybridization signals were obtained (at least 5 to 10 fold). Presumably, adsorption of DNA on the filter is more efficient in the first procedure than in the second (perhaps because dry filters adsorb DNA better ; unpublished observation). This lower sensitivity of the second procedure makes it unlikely that more than a thousand or a few thousand colonies per plate can be screened, but this point has not been tested. However, an interesting feature of this procedure is that the bacterial strain to be transformed needs not be lysogenized. Lysogenization of certain strains may be difficult or unconvenient. For instance, in the safer biological systems, known as B2 (17) or EK2 (see ref. 18 for review), it should be demonstrated that the lysogenized hosts still meet the required safety criteria.
The most convenient and sensitive method which we describe is procedure
A, which appears to be rather more sensitive than _in situ hybridization to phage plaques. There are more bacteria in a moderate size colony (diameter Biohazards associated with the experiments described in this publication have been examined previously by the French National Control Committee, and carried out according to the rules followed by this Committee (17) .
